Recently, attention has been paid even to the function of non-ischemic site of the left ventricle. Some investigators2),3) noted that control segment showed no apparent changes during regional ischernia in terms of developed tension and systolic wall thickening. In contrast to this, Theroux et al4) observed a hyperdynamicity in the control area.
There is as yet no effective therapeutic means established for power failure syndrome once it has occurred. In approaching this disease state, we must first examine closely how left ventricular function is related to local function in ischemic heart disease and what effects therapeutic methods have on this relationship. As a sensitive method for simultaneous assessment of total cardiac and regional myocardial function during systole and diastole, the pressure-length loop method has been described.4)-7) On the other hand, the regional myocardial contractile abnormality induced by the ischemia was well assessed by the dynamic measurement of left ventricular wall thickening and thinning.3),8)-12) These authors emphasized that myocardial wall thickness was more sensitive than ventricular pressure8) or overall left ventricular function11) as a measure of the abnormality due to ischemia.
In order to judge the degree of contribution of the myocardium affected by the ischemia to the total left ventricular pressure generating function, the present authors have developed a new method that relates changes in wall thickness to left ventricular pressure. The purpose of the present study was to determine local myocardial function in the early stage of the ischemic disorder and relate this to total left ventricular function by using pressurewall thickness loop method in acute ischemia in the canine left ventricle. The findings are to be compared to those reported on the isolated cardiac muscle.13)
The second purpose is to clarify whether these minimal ischemic changes may accompany normal or altered function in the non-ischemic site. (1) and (2)). Site (1) was at the left ventricular free wall midway between apex and base which was nonischemic throughout the experiments and served as control. Site (2) was in the apical area where the ligation made ischemic.
METHODS
1: a thin stainless steel needle; 2: a poly-urethane end-piece; 3: a small base plate of phosphor bronze; 4: the major part of the flexible plate acting as a spring; 5: the point where the end of the spring is fixed on the needle shaft with an adjustable stop; 6: 2 etched foil strain gauges mounted on both sides of the spring.
Abbreviations 
RESULTS
I. Changes in left ventricular pressure and wall thickness immediately after ligation (Fig. 3 ) Fig. 3 shows the changes in the left ventricular pressure, wall thickness at the affected area by the induced ischemia, aortic flow and aortic pressure as well as ECG before and immediately after ligation in a typical experiment. An increase in wall thickness was observed immediately after ligation, but approximately 20sec later, wall thickness movement slackened, mostly, showing a slight temporal alternation, which did not usually lead to pulsus alternans; after a while systolic and diastolic wall thickness recovered to the control level; and, after 3min end-diastolic wall thickness gradually decreased (as described below and seen in the following Figures 2, 3, 5 and Table I ). Endsystolic LV pressure remained unchanged throughout the period of observation, but aortic flow tended to decrease in this very early tracing.
II. Comparison of pressure-wall thickness loops before and 5min after ligation (Figs. 2 and 4 ) Fig. 2 shows actual pressure-wall thickness loops obtained from the oscilloscope: the upper photograph is obtained before ligation; lower one is a loop at 5min after ligation. The change in shape of the loop before and after ligation is shown schematically in Fig. 4 . The principal effects of ligation occurred i) in the ejection phase (the increase in wall thickness was incomplete during peak pressure) and ii) in the diastole (the reduction in wall thickness appeared already at the moment when systolic pressure was halved). There was no apparent change during the isometric contraction phase of the loop. As a result of the 2 former effects, the loop area diminished following ischemia, and a reduction in regional work was suggested. III. Changes in left ventricular and regional myocardial functions after ligation (Figs. 5 and 6, Table I ) Fig. 5 shows percent changes from the pre-ligation values in left ventricular end-diastolic pressure, systolic pressure and stroke work, over a 20 min period. After ligation, the end-diastolic pressure increased, and systolic pressure, as shown in Table I , remained unchanged throughout the period. Stroke work was reduced by about 20% immediately after ligation, and continued at this reduced level. This reflected a drop in stroke volume.
Changes in regional work after ligation observed in ischemic and non- ischemic regions are shown in Fig. 6 . Change for a 20min period is shown on the vertical axis of the diagram with respect to the values before ligation. Changes in loop area, in other words in regional external work, were approximately 40% reduction immediately after ligation in the ischemic region, but very slight reduction at first, and rather hyperdynamic condition after Jap. Heart J. J uly, 1980 ischemic regions. Table I summarizes changes in regional myocardial and total left ventricular function in 5 to 10min after ligation as compared with each control value. As evidenced in Fig. 5 , stroke volume and stroke work were reduced, and left ventricular systolic and end-diastolic pressures were elevated by ischemia, but these changes were not significant statistically. Loop area considered as local myocardial work and diastolic wall thickness were significantly decreased (p<0.05) in the ischemic site, whereas these variables were not altered in the control area, although a tendency of increase in loop area was apparent in the control site as seen in Fig. 6 . Extent of wall thickening decreased or increased in the ischemic or non-ischemic site, respectively. However, these differences were not significant.
DISCUSSION
Ischemia not only reduces the supply of oxygen and substrates to the myocardium but also inhibits the elimination of the metabolites out of the cells. As a result, aerobic metabolism is curbed, ATP becomes deficient, and, at the same time, anaerobic metabolism is invigorated, bringing about acidosis, which seems mainly related to the drop in myocardial contractility following ischemia.16) When the fact is taken into account, however, that a certain amount of time is required for the lactic acid to accumulate, it can be surmised that ischemia does not immediately weaken contraction; there could be a period without change or even a temporary overwork condition (Fig. 3) could be brought about by some reflex.
It has been reported recently12),17) in the experiments using ultrasonic cardiography, and we have demonstrated ( Fig. 6 a decrease in coronary blood volume.17) but it seems to us difficult to explain all by this alone. It could be thought that, in part, a probable increase in myocardial compliance caused increased preload. If myocardial volume is assumed to be fixed throughout systole and diastole, and we believe that this assumption holds good even when we take into account the changes in coronary blood volume that accompany systole,18) then a decrease in LV wall thickness is considered as an extension of myocardial length. There are several reports that wall thickness characteristics exhibited an inverse behavior to corresponding myocardial segments.3),10),11) Therefore, it is thought that the decrease in diastolic thickness in the ischemic region seen in Fig. 5 shows an increase in preload. The cardiodynamic significance of the configuration and area of the left ventricular pressure-wall thickness loop can be considered as follows; the starting slope of this loop during early systole (isovolumic contraction phase) is related to the tension-generating speed (dT/dt) of that region, and the area enclosed by the loop is correlated to the regional work. Taking account of such fiber orientation across the left ventricular myocardial wall as studied by Streeter et al,19) the muscle thickens in the process of shortening since total volume of the muscle unit remains constant. Thickening requires energy and the work thereby done by the muscle may be calculated as the product of thickening and side-pressure. This is related to the radial component of element work considered by Gould et al.20) Thus, the integral of pressure with respect to wall thickening and thinning (i.e., the area of the pressure-wall thickness loop) represents a crude first approximation of the mechanical work done by (or on) the segment. In this study, during observation of the ischemic region, a drop (Fig. 6 ) was observed in regional work accompanying increased preload; this proved the depression of the FrankStarling curve more directly. The depressed local function curve during ischemia has been suggested by other investigators.6),21) For example, Tyberg et al6) have shown that an increase in pressure-length loop area which was observed on increasing end-diastolic pressure in dog left ventricle was eliminated after ischemia. Since left ventricular end-diastolic pressure changes have an inverse effect on end-diastolic wall thickness,24) the latter i nding of Tyberg et al may be explained by an abolishment of Frank-Starling relationship in the presence of ischemia.
As to the non-ischemic region of the ischemic ventricle, Theroux et al observed a hyperdynamicity, and this is considered as the Frank-Starling effect, caused by increased preload. In contrast, other investigators2), 3) , have reported that the control segment did not change. Our results show no significant change, either in preload or in contraction at the non-ischemic region (Fig. 6) . The reason for the discrepancy is not clear as yet. Since Theroux et al caused more extensive ischemia, the change in preload in nonaffected area would depend on the extent of the ischemia.
In studies where segment length in the ventricular wall was measured by using a mercury-in-silastic gauge and a pair of ultrasonic crystals,4) the object was mainly to investigate bulging and ventricular dyssynergy, so the severity and extent of ischemia were greater than in the present study. Therefore, primary abnormalities in myocardial contraction caused by anoxia, similar to those shown by our study, cannot be observed in the pressurelength loop studies. Since the object of the present study was to cause the slightest possible ischemia in the restricted region of the left ventricle, it was possible to show the abnormality clearly at an early stage. Wyatt et al7) examined the graded reduction in regional coronary perfusion upon segmental function and total ventricular function by using the pressure-length loop method. They described that as coronary perfusion pressure and flow were reduced to 50 to 65mmHg and 25 to 55ml/min per 100Gm, respectively, regional myocardial function was decreased minimally, so that there was a characteristic change in the length tracings consisting of late systolic lengthening and delayed shortening. The result of this mild ischemia was eventually a decrease in the area of the pressure-length loop. Moreover, their late systolic lengthening was accompanied with an incomplete shortening during ejection period, so that the distortion found on the loop resembles ours (Figs.  2 and 4) . The difference is that the delayed shortening was not found on our pressure-wall thickness loop. It may be postulated that this finding appears only on the epicardial fibers. Similar distortion of the pressurelength loop appears in the results reported by Theroux et al.4) According to a report regarding the influence of anoxia on the contractility of isolated myocardium,13) the obstacles to myocardial contraction are: i) shortened contraction time (decrease in time to peak tension) and ii) increased speed of relaxation (decrease in time for peak tension to be halved). In this study, as we see in Figs. 2 and 4 , the fact that the extent of increase in wall thickness during the systolic ejection phase was insufficient , and the fact that a reduction in wall thickness began in the protodiastolic phase, as well as other findings, coincide perfectly with data on anoxia in isolated myocardium. Pressure-wall thickness loop does not include time axis, but it is still possible to know from its configuration whether the timing of contraction or relaxation becomes earlier or delayed as compared to the intact and control segments. For example, wall thinning commences already when LV pressure becomes halved (Fig. 4) during diastole in the loop obtained at ischemic region. In the control loop however wall thinning does Jap. Heart J. J uly, 1980 not appear until LV pressure decreases to less than one third of the peak pressure. This means that wall thinning starts earlier with ischemia as compared to the control, because the pressure does not change with such a minimal regional ischemia as in the present study in its shape and time course. The fact that the loop's starting slope does not change during ischemia (Fig. 4) supports in situ the observation made on isolated myocardium that anoxia does not change the myocardial contraction state at least in the stage of early ischemia, but mainly curtails the duration of the active state.13) In isovolumic phase, an increase in LV intracavitary pressure (ordinate) mainly takes place, while an increase in wall thickness (abscissa) is also evident (Figs. 2, 4) . Looking at the figures of pressure-length loops reported by other investigators,4)-7) it is always obvious that segment length shortens in the isovolumic systole more or less in every case. As noted previously22) and reported by others,23) this phase and also isovolumic relaxation phase can not be strictly isometric even under the physiological conditions; onset and speed of shortening and lengthening vary depending on the region of left ventricle. This would be the reason why an increase in the wall thickness was observed during isovolumic systole in our study. In the ventricular ejection phase, pressure stays almost unchanged and wall thickening is only evident. It has been reported by some workers8),11) that left ventricular wall thickness is a most sensitive index to ischemic disorders of contraction. Abnormal wall thickness variations in ischemic ventricles without change in left ventricular systolic pressure and left ventricular external stroke work have been clearly observed in this study (Fig. 5) , which supports the contention of the latter authors. In addition, the fact that at that moment aortic peak flow also decreases (Fig. 3 ) means that this same change in flow velocity is also equally sensitive and merits attention in very early stage.
It is possible to point out the disadvantages of the pressure-length loop4)-7) : first, it is difficult to apply clinically, and second, since length is usually measured on the epicardium, tension of this part has a weak relationship to internal pressure. In the present study, wall thickness was used instead of epicardial length, and for this reason it can be said that it is more directly related to internal cardiac pressure.
In conclusion, by means of the left ventricular pressure-wall thickness loop, light has been shed upon abnormal contraction in the mildly ischemic region and its relationship to total left ventricular function. Research is also being conducted on the effects of the vasodilators. It is hoped that these observations will contribute to the elucidation of the mechanism of power failure and to the development of therapeutic methods. 
